We screened members of a new genus of grass-associated diazotrophs (Azoarcus spp.) for the presence of cellulolytic enzymes. Out of five Azoarcus strains representing different species, only in the endorhizosphere isolate BH72, which is also capable of invading grass roots, was significant endoglucanase activity, in addition to 13-glucosidase and cellobiohydrolase activity, present. Reducing sugars were readily released from medium-viscosity carboxymethylcellulose (CMC), but neither CMC, cellulose filter strips, Avicel, cellobiose, nor D-glucose served as the sole carbon source for growth of Azoarcus spp. Clones from a plasmid library of strain BH72 expressed all three enzymes in Escherichia coli, apparently not from their own promoter. According to restriction endonuclease mapping and subclone analysis, ,-glucosidase and cellobiohydrolase activities were localized on a single 2.6-kb fragment not physically linked to a 1.45-kb fragment from which endoglucanase (egl) was expressed. Two isoenzymes of endoglucanase probably resulting from proteolytic cleavage had pl values of 6.4 and 6.1 and an apparent molecular mass of approximately 36 kDa. Cellobiohydrolase and ,I-glucosidase activity were conferred by one enzyme 41 kDa in size with a pl of 5.4, which we classified as an unspecific exoglycanase (exg) according to substrate utilization and specificity mapping; hydrolysis of various oligomeric substrates differentiated it from endoglucanase, which degraded substituted soluble cellulose derivatives but not microcrystalline cellulose. Both enzymes were not excreted but were associated with the surface of Azoarcus cells. Both activities were only slightly influenced by the presence of CMC or D-glucose in the growth medium but were enhanced by ethanol. egl was located on a large transcript 15 kb in size, which was detectable only in cells grown under microaerobic conditions on N2. Surface-bound exo-and endoglucanases with some unusual regulatory features, detected in this study in a strain which is unable to metabolize cellulose or sugars, might assist Azoarcus sp. strain BH72 in infection of grass roots.
3-1,4 bonds. For its microbial conversion complex, batteries of several enzymes are required (52) . At Cellulose degradation has been reported to occur concomitantly with nitrogen fixation in aerobic, shipworm-associated bacteria (57) and in anaerobic freshwater mud and soil isolates (34) . Among plant-associated nitrogen-fixing bacteria, cellulolytic activity is present in the actinomycete Franckia sp. (49) and in Rhizobium sp. (38, 43) . In the legume-Rhizobium symbiosis, ultrastructural studies provided evidence that rhizobial cellulases may be involved in various steps of the infection process (8, 9) . The grass-associated diazotroph Azospirillulm brasilense, although able to colonize the interior of grass roots (35, 51) , is pectinolytic (55) , but so far no cellulolytic activity has been reported to be present. Cellulose only supported growth of Azospirillum cells in coculture with cellulolytic bacteria (22) . We were interested in the cellulolytic features of Azoarcus spp., a new genus of gram-negative, nitrogen-fixing bacteria colonizing grass roots. Taxonomic studies located them in the beta subclass of the Proteobacteria, in which they cluster in five groups differing at the species level (47) . Two of them were proposed as new named species, Azoarcus indigensT and Azoarclis commlunis (47) . Members of the genusAzoarcus were found to be in root-zone-specific association with Kallar grass (Leptochloa fiusca (L.) Kunth), in which they were isolated from the root interior (46) . Kallar grass is grown as a pioneer plant on salt-affected, frequently flooded, low-fertility soils in the Punjab of Pakistan (50) . Indirect evidence for colonization of the root interior obtained by isolation procedures was first supported by immunofluorescence with antibodies which are Azoarcus genus specific (44) . Light and electron microscopic immunogold studies of better resolution revealed that these bacteria colonize the aerenchymatic air spaces but also deeply penetrate roots into stele and stem bases (27, 28) . In gnotobiotic culture, strain BH72 was capable of systemic infection of Kallar grass and rice seedlings, invading the cortex inter-and intracellularly and even penetrating into xylem vessels. Anticipating that plant polymer-degrading enzymes of bacterial origin were involved, we wanted to screen members of Azoarcus spp. for occurrence of cellulases. Here, we report cloning and characterization of two classes of cellulolytic enzymes, which share an unusual combination of features indicating they might be involved in the infection process. (47) . Physical maps of plasmids are illustrated in Fig. 2 .
Media and growth conditions. Escherichia coli cells were grown at 37°C in Luria broth (LB) (2) or on LB agar supplemented with carbenicillin (150 pg/ml) to maintain plasmids and were grown, when indicated, with isopropyl-p3-Dthiogalactopyranoside (IPTG; 24 p.g/ml).
Azoarculs spp. were grown on VM medium (47) with rotary shaking at 28°C as an inoculum for cellulase tests and rotary shaking at 37°C for cell mass production. To obtain microaerobic growth, Azoarcus sp. strain BH72 was grown at 33°C in 100 ml of liquid SM medium (46) , with fourfold-strength phosphate buffer and 20 mM L-proline added, in a gas-tight sealed 1 liter Erlenmeyer vial with reciprocal shaking (70 strokes per min). Cultures were harvested when the initial 02 concentration of 1.7% in the headspace had decreased to 0.8%; atmospheric 02 was measured with a GC1 1 gas chromatograph with a thermal conductivity detector (Delsi Instruments, Suresnes, France) by using a Molecular Sieve DS column (2 m, 1/8-mm DS, 80 to 100 mesh; Alltech). To measure the expression of cellulase by Azoarcus spp., a modification of a medium proposed by Kim and Wimpenny (KW medium [29] ) was used, which contained 0.4% (NH4)2S04, 0.01% NaCl, 0.01% MgSO4, 0.01% CaCl2, 0.05% yeast extract, 33 13 ,000 x g, and supernatants were used for enzyme assays. For extraction of proteins with Triton X-100, washed cells were shaken for 10 min at 28°C and 60 rpm in Tris-HCl buffer containing 0.1% Triton X-100 and 10 mM Na2-EDTA. After centrifugation at 9,000 x g for 10 min, the supernatant was used.
The first step of cell fractionation was performed by centrifugation at 10,000 x g for 10 min. To obtain the extracellular fraction, the culture supernatant was further centrifuged at 20,000 x g for 25 min and concentrated 30-fold by ultrafiltration through an Amicon YM10 membrane. Pelleted cells were subjected to fractionation by the osmotic shock method as described by Cornelis et al. (14) , except that the 25% sucrose solution was made up in 10 mM Tris-HCl (pH 7.0). Residual cells from which the periplasmic fraction had been prepared were ultrasonicated as described above to obtain the cytoplasmic fraction.
The total cellular protein of E. coli was prepared by ultrasonication as described above or by the freeze-thaw method. Cells suspended in Tris-HCI buffer were rapidly frozen and thawed (dry ice-cooled ethanol, 30°C).
Determination of protein concentrations. The protein content of cell extracts was determined by the Bio-Rad protein assay (Bio-Rad Laboratories Ltd.). Cellular protein was estimated by the micro-Goa method (4) .
IEF, zymograms, and SDS-PAGE. For isoelectric focusing (IEF) LKB Ampholine PAGplates in the pH range 3.5 to 9.5 (no. 1804-101, LKB) were used with a Multiphor II electrophoresis chamber (LKB). Electrophoresis and Coomassie brilliant blue staining were carried out according to the manufacturer's instructions, except that experiments were run at lower voltage (400 V) for 2.5 h. For zymograms, we followed the outlines given by Coughlan (15) . Agarose overlays for IEF gels contained 0.8% agarose in 0.05 M potassium phosphate buffer (pH 7.0) and the respective substrate at 0.01% (MUG or MUC) or 0.1% (CMC). After incubation at 37°C, overlays proceeded as described above, except that CMC overlays were washed for 10 min in phosphate buffer prior to Congo red staining.
Proteins from extracts obtained by ultrasonication were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 12% polyacrylamide gels as described by Laemmli (31) .
Enzyme assays. ,B-Glucosidase and cellobiohydrolase activities were quantified with the chromophoric substrates 2 figure) . For clones pBGV2 and pBGV3, the position of the second Sall site from the right is one of two possible locations, the second being 0.7 kb to the left. The enzymatic activities of P-glucosidase (glc), cellobiohydrolase (cbh), and endoglucanase (egl) determined by colony assays are given to the right: +, positive; w, weak activity; -, no activity detectable.
arcus promoters either were not located on the fragments or were not active in E. coli. In order to compare cloned and wild-type cellulases, enzyme activities were located on IEF gels by zymograms. Sonicated cell extracts of Azoarcus sp. strain BH72 were not separated into distinct patterns in IEF-PAG plates but gave smears, probably due to the presence of lipids. We overcame this problem by extracting samples once with chloroform, a treatment compatible with endoglucanase but detrimental to ,B-glucosidase activity. The latter was resistant to Triton X-100 and EDTA, which we used to release cell surface proteins, including ,-glucosidase (see below). ,B-Glucosidase and cellobiohydrolase activities of the E. coli clone were focused at the same pH (pl 5.4); wild-type enzymes behaved the same way (Fig. 3) . In contrast, endoglucanase activity obtained from a clone carrying a small 1.45-kb insert exhibited two distinct bands with pIs of 6.4 and 6.0, respectively (Fig. 4) . These two isoenzymes also appeared in Azoarcus spp., although with different intensity ratios.
The apparent molecular masses of the cellulases expressed by E. coli were estimated by SDS-PAGE (Fig. 5) . A new, 41-kDa band appeared in E. coli cells expressing 3-glucosidase and cellobiohydrolase from a 2.7-kb fragment when induced with IPTG, which was not seen in uninduced cells or induced cells carrying insert-free plasmid (Fig. SA) (Fig. 6) indicated that endoglucanase preferably attacked oligosaccharides larger than cellobiose and released large oligomers when sufficiently long substrates were used. 3-Glucosidase attacked dimers as expected (Table 2 ), but it also attacked larger substrates, preferably cleaving the bond at the fluorophoric group (nonreducing end). Apparently, more-highly oligomeric substrates were also cleaved at internal bonds.
Temperature and pH profiles of exoglucanase and endoglucanase activities were obtained from cell extracts of Azoarcus sp. strain BH72 (not shown). Profiles for exoglucanase measured either as 3-glucosidase or as cellobiohydrolase activity correlated satisfactorily. The specific activity was 3-to 10-fold ' ND, not determined.
/'Cleavage was estimated by appearance of reducing sugars.
of specific activities after cell fractionation revealed that both cellulases were mainly surface associated (Table 3) . Exoglucanase quantified as ,B-glucosidase activity was not detectable in the culture supernatant, and only low specific activities were found in the cytoplasmic fraction. To enhance limits of detection, proteins in the culture supernatant were concentrated by ultrafiltration. Even after 30-fold concentration, no 3-glucosidase activity was detected. To evaluate whether ultrafiltration might reduce endo-and exoglucanase activities, we concentrated an aliquot of the cell surface fraction; specific activities were not affected (data not shown). For endoglucanase activity, we obtained a similar pattern of distribution. Endoglucanase activity could be detected neither in the culture supernatant nor in the cytoplasmic fraction but was detected only in the cell surface and periplasmic fractions. Protein extracts from E. coli cells carrying plasmid pBGBI 1.5 or pBGV6.6 were incubated with MUG,,, and products were separated by thin-layer chromatography (12) . Solid of cellulases by Azoarcuis sp. strain BH72, cells were grown for 48 h on the respective carbon sources, and specific enzyme activities in cell extracts were determined. Both exoglucanase and endoglucanase showed similar patterns of activity (Table  4) and were expressed under all conditions tested. A slight induction by the substrate CMC was seen only for exoglucanase and not for endoglucanase. There was no strong repression by the end product D-glucose. Other carbon sources which well support growth of Azoarcus cells acted differently: DL-malate hardly affected or even reduced exo-and endoglucanase activity, whereas ethanol had the strongest inducing effect, increasing both activities 4-and 1.6-fold, respectively. Oxygen also had a pronounced effect on expression of endoglucanase. In Northern analysis with the 1.45-kb SstI-Pstl fragment as a probe, we found a large, -15-kb transcript on which egl was located (Fig. 7) . It was only detected in cells grown microaerobically on N2 and was not detected when cells were grown aerobically on combined nitrogen (Fig. 7) . As a control for the absence of genomic contamination in the RNA preparation of Fig. 7A , we visualized nucleic acids by ethidium bromide staining after gel separation (not shown). Additionally, we hybridized Northern blots from the same preparation with genomic probes for other Azoarcus genes, namely nifH and nifDK; hybridizing bands were obtained only at lower molecular sizes (-6.2 kb), indicating therc was no genomic contamination at 15 kb (not shown). Furthermore, since aryl-3-D-xylosides are cleaved, the enzymc can best be characterized as an unspecific exoglycanase. According to its degradation pattern of chromophoric cellooligosaccharides (Fig. 6) , the enzyme can tentatively be classified as a family F cellulase (12, 24) . To this transition group of cellulases and xylanases belong an exoglucanase (Cex) from Cellulomonas fimi (19) and a xylanase (XynZ) from Clostridium thermocellum (20 In some gram-positive cellulolytic bacteria, cellulases are surface associated. In C. thermocellum, cellulases are organized in a complex, the cellulosome, which is cell surfaceassociated at some stages of the process of cellulose degradation (32) . Also, in Ruminococcus albus, most of the cellulase activity was found to be cell bound (58) . In other gram-positive bacteria, cellulases are present in the culture supernatant, e.g., in C. fimi (33) , Streptomyces lividans (54) , and Franckia sp. (49) ; many gram-negative bacteria also release cellulases, e.g., Fibrobacter sluccinogenes (40) and Prevotella rluminicola (39) . In our context, gram-negative phytopathogens are of special interest; P. solanacearlum (26) and E. chrysanthemi (10) excrete endoglucanases into the culture supernatant. In contrast, exoand endoglucanase of the gram-negative Azoarcuts spp. are cell surface associated and might therefore mediate a more localized digestion of plant polymers in comparison with phytopathogens, causing less damage to the host.
Most bacterial cellulases seem to be regulated by inductionrepression mechanisms depending on the carbon source. In accordance with such observations, it has been suggested that, e.g., several cel genes of C. therrnocell/tm are regulated by a mechanism analogous to catabolite repression (42) . However, in some rumen bacteria, such as F. succinogenes (40) and P. ruiminicola (39) , there are more constitutively expressed cellulases which are not repressed by D-glucose or cellobiose. Both cellulases of Azoarcus sp. strain BH72 also do not appear to be subject to strong induction by CMC or repression by D-glucose. Although genes are not physically linked, they seem to be under coordinate regulation. Taking into account the fact that this strain is restricted in use of carbohydrates for growth, end product inhibition or catabolite repression would be of no obvious physiological advantage. In contrast to Franckia sp., carbon sources supporting growth well (49) do not necessarily enhance cellulase activity, as exemplified by malic acid. The only substrate we found to significantly enhance activity is ethanol, a substance which might be of importance in the Azoarcuts habitat. When aeration of roots is reduced by flooding, ethanol concentrations in roots cain rise immediately (16), a situation which occurs in rice and Kallar grass culture; in root tips, ethanol can always be detected, even under atmospheric oxygen pressure (5) . Induction of endoglucanase by ethanol and microaerobic conditions in strain BH72 might thus support penetration of roots under these conditions.
An unusual feature of the Azoarcus endoglucanase is its location on a large transcript -15 kb in size. Evidence for a large transcript also comes from the lack of transcription of endoglucanase from its own promoter in E. coli. In contrast, most bacterial cellulases studied so far are transcribed monocistronically. Also, E. chrysanthemi (21) and P. solanacearlum (48) endoglucanases appear to be transcribed from their own promoters. To our knowledge, the only reported evidence for polycistronic transcription comes from primer extension experiments with P. ruminicola endoglucanase (56) . So far, we have no data concerning genes being cotranscribed with eg/.
In several bacteria, multiple cellulases are present, such as in C. fimni, C thermocellum, R. albus (e.g., see reference 18), and E. chrysanthemi (10 
